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Abstract
Poly(amidoamine) (PAMAM) dendrimers exhibit quite high specificity toward CO2 and have been used for CO2 separation 
materials in membrane separation. PAMAM dendrimers are chemically immobilized by the reaction with epoxide-bearing 
poly(ethylene glycol)s (epoxy-PEGs). The reaction mixture is cast on a pre-treated substrate by spin-coating manner to form a 
nano-thick self-standing membrane. The membrane thickness is readily controlled by changing the spin-coating conditions and 
the reactant concentrations. The resulting nano-thick membranes show preferential CO2 permeation over H2 with very high CO2
permeance. Although the CO2 selectivity is not high, reduction of membrane thickness would be an approach to enhance CO2
permeability  
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction
Promising CO2 separation performance of PAMAM dendrimers was originally reported by Sirkar et al. with a 
liquid immobilized membrane system [1]. Because of the flow nature at ambient conditions, immobilization of the 
dendritic molecules has been investigated. Especially, PAMAMA dendrimers are stably immobilized in chitosan and 
poly(vinyl alcohol), and the resulting PAMAM dendrimer-containing membranes exhibit very high CO2 separation 
* Corresponding author. Tel.: +81-802-6879; fax: +81-802-6879. 
E-mail address: ikuot@i2cner.kyushu-u.ac.jp 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
236   Ikuo Taniguchi and Shigenori Fujikawa /  Energy Procedia  63 ( 2014 )  235 – 242 
performance over N2 [2,3] and H2 [4,5], respectively. However, the dendrimer-loading is limited or those membrane 
fabrications require time-consuming processes, which result in developing for alternative membrane formulations 
with PAMAM dendrimers. Recently, facile immobilization of PAMAM dendrimers in a crosslinked PEG is reported 
by photopolymerization of PEG dimethacrylate in the presence of the dendrimers [6]. The obtained polymeric 
membranes are not transparent due to phase separation on a couple of microns scale between PAMAM-rich and 
PEG-rich phases [7]. While the polymeric membranes show excellent CO2 separation properties over H2, CO2
permeance should be elevated for use. One of the approaches can be reducing the membrane thickness, however, the 
phase-separated structure prohibits making it thinner less than 200 m. 
On the other hand, with the dendrimer-containing membranes, factors to determine the CO2 separation 
performance have been investigated, which are the dendrimer faction and generation, microphase-separated structure, 
and humidity [6,8]. At higher relative humidity, the CO2 separation performance is drastically enhanced by 
absorbing water vapor. However, the dendrimers are physically entrapped in a polymeric matrix, and thus the 
leakage from the matrix has been worried, which may lead to decrease in the CO2 separation properties. Herein, we 
discuss chemical immobilization of PAMAM dendrimers to prepare nano-thick membranes by spin-coating manner 
for enhancement the CO2 permeability. 
2. Experimental 
2.1. Materials 
PEGDMA (average MW 750), PAMAM dendrimers in methanol solution, ethylenediamine, methylacrylate and 
poly(4-hydroxystyrene) (PHS) are obtained from Sigma-Aldrich. The initiator, 1-hydroxycyclohexyl phenylketone 
(Irgacure 184) and N,N-dimethylethylenediamine are purchased from BASF and Tokyo Chemical Industry, 
respectively. Epoxy-PEGs (Fig. 1) are kind gift from Sakamoto Yakuhin Kogyo (Osaka, Japan) and the basic 
properties are listed in Table 1. Other organic and inorganic materials were reagent grade and used without further 
purification.
Table 1. Effect of PAMAM dendrimer concentration and PEG length on macrophase separation 
Epoxy-PEG CAS number Epoxide cont. (g/eq.) Viscosity (25°C mPa·s)
SR-4GLS 25038-04-4 169 1,700 
SR-4GL 25038-04-4 171 1,840 
SR-SEP 142297-60-7 168 5,110 
Fig. 1. A representative chemical structure of epoxy-PEG 
2.2. Preparation of modified PAMAM dendrimer 
A PAMAM dendrimer derivative having primary and tertiary amines on the branching end is chemically 
synthesized by the following 2 step reactions in Fig. 2 and 3. Methylacrylate (245 mL, 2.70 mol) is dissolved in 300 
mL anhydrous methanol and the solution is cooled on an ice-bath. Ethylenediamine (4.5 mL, 67.4 mmol) is added in 
15 mL anhydrous methanol. The ethylenediamine solution is added dropwise to the methylacrylate solution, and the 
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resulting reaction mixture is stirred for 3 h on an ice-bath and then for 16 h at ambient temperature. Progress of the 
Michael addition reaction is traced by 1H NMR. After the reaction is completed, the target compound, PAMAM 
core, is obtained by removing excess methylacrylate and methanol by evaporation. The yield and recovery are 26.8 
g and 98 %, respectively. H (400 MHz; CDCl3): 3.67 (12H, s, OCH3), 2.78 (8H, t, NCH2CH2CO), 2.50 (4H, s, 
NCH2CH2N), and 2.44 ppm (8H, t, NCH2CH2CO); C (100 MHz; CDCl3): 172.9 (C=O), 52.2 (NCH2CH2N), 51.4 
(OCH3), 49.7 (NCH2CH2CO), and 32.6 ppm (NCH2CH2CO). 
Fig. 2. Synthetic scheme of PAMAM core 
In the 2nd step, primary and tertiary amine are introduced on the branching end of PAMAM core. PAMAM core 
(5.00 g, 12.3 mmol) is dissolved in 10 mL anhydrous methanol. Ethylenediamine (83 mL, 1.24 mol) and N,N-
dimethylethylenediamine (108 mL, 1.24 mol) are dissolved in 200 mL anhydrous methanol and the solution is 
cooled on an ice-bath. To the amine solution is added the PAMAM core solution dropwise, and the resulting 
reaction mixture is stirred for 3 h on an ice-bath and then for 3 d at ambient temperature. Progress of the reaction is 
confirmed by decreasing the methoxy peak at 3.67 ppm in the 1H NMR. After the reaction is completed, the target 
compound is obtained by removing excess amines and methanol by evaporation. The product is further purified by 
repetition of azeotropic distillation from toluene and methanol. The yield and recovery are 6.50 g and 93 %, 
respectively. H (400 MHz; CDCl3): 3.3 (8H, m, NHCH2CH2), 2.81 (4H, t, CH2NH2), 2.68 (8H, t, NCH2CH2CO), 
2.45 (4H, t, NCH2CH2N), 2.41 (4H, t, CH2N(CH3)2), 2.34 (8H, t, CH2CONH), and 2.23 ppm (12H, s, N(CH3)2); C
(100 MHz; CDCl3): 174 (C=O), 58.3 (CH2N(CH3)2), 52.1 (NCH2CH2N), 50.9 (NCH2CH2CO), 45.4 (N(CH3)2), 42.3 
(CH2CH2NH2), 40.5 (CH2NH2), 37.1 (CH2CH2N(CH3)2), and 34.4 ppm (CH2CO). A ratio of the peak integrals at 
2.81 (primary amine) and 2.41 (tertiary amine) is close to 1.0, suggesting quantitative introduction of primary and 
tertiary amines. 
Fig. 3. Synthetic scheme of modified PAMAM dendrimer 
2.3. Preparation of nano-thick membrane 
PAMAM dendrimer-immobilized nano-thick membranes are prepared by spin-coating method as illustrated in 
Fig. 4. Free-standing polymeric membranes with submicron thickness can be readily prepared by this manner [9,10]. 
At first, a glass substrate (3 × 3 cm) is pre-treated in a base-bath (10 wt% KOH in ethanol) to clean the surface. PHS 
is dissolved in ethanol by 10 wt%, and the resulting solution is filtered by passing through a membrane filter 
(nominal pore size: 0.2 m) to remove dust particles. A 100 L of the PHS solution is dropped on the grass
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substrate and its substrate was spun at 3,000 rpm for 60 s to prepare a sacrificial layer. The resulting substrate is 
incubated at 120 °C for 5 min on a hot plate. PAMAM dendrimer and epoxy-PEG are dissolved in chloroform with 
concentrations from 1.0 to 5.0 wt%, where epoxide/amine ratio is 0.5 by mol. After passing through the membrane 
filter, a 100 L of the reaction mixture is also dropped on the PHS-coated substrate and spin-coated at 3,000 rpm for 
60 s. The obtained glass plate is heated at 120 °C to complete the ring-opening reaction between epoxide and 
primary amine for at least 4 h, then dipped in ethanol to dissolve the sacrificial layer. As a result, a free-standing thin 
polymeric membrane is obtained and placed on a commercial polycarbonate membrane (Millipore, nominal pore 
size: 0.2 m). The membrane thickness is determined on a Hitachi S-5200 field emission scanning electron 
microscope. 
Fig. 4. Nano-thick membrane preparation by spin-coating 
2.4. Gas separation 
CO2 separation properties of PAMAM dendrimer-immobilized polymeric membranes are measured at 40 °C 
under isobaric conditions on an experimental setup in Fig. 5. The polymeric membranes on a polycarbonate 
membrane filter (nominal pore size: 0.2 m) were placed into a flat-type permeation cell, where the effective 
membrane area is 0.79 cm2). A CO2/H2 gas mixture is first humidified and then fed to the membrane cell at a flow 
rate of 100 mL/min. Dry helium is supplied to the permeate side of the membrane cell as a sweep at a flow rate of 10 
mL/min. Composition of the permeate is analyzed on an Agilent 7890B gas chromatograph with a pulsed discharge 
helium ionization detector, while that of the retentate is on the same chromatograph with a thermal conductivity 
detector. Permeance of gas i (Qi) and separation factor ((CO2/H2)) are determined by the following equations (Eqs. 
1 and 2), where Ni, A, p, and t are permeate gas volume of gas i, effective membrane area, partial pressure 
difference of the feed and permeate gas, transmission time, respectively. In Eq. 2, xi, and yi denoted molar fraction of 
gas i of feed and permeate sides, respectively.
Fig. 5. Schematic drawing of experimental setup for gas separation 
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Qi =
Ni
A  pi  t
  (1)
(CO2 /H2 ) =
yCO2 / yH2
xCO2 / xH2
  (2) 
Here, the stage cut is controlled to less than 0.01, and under these experimental conditions, the pressure 
ratios of feed to permeate are sufficient to give the separation factor ((CO2/H2)) as an ideal separation factor, 
ratio of QCO2/QH2.
2.5. Microscopes 
The membrane thickness is determined on a Hitachi S-4800 field emission scanning electron microscope. The 
nano-thick membranes are directly formed on a silicon wafer by the spin-coating method, which is then fractured in 
liquid N2 to obtain the cross section. Surface roughness of the membranes is observed on a Shimadzu SPM-9700 
scanning probe microscope with an OMCL-AC200TS-C3 cantilever (Olympus) by the dynamic mode. 
3. Results and discussion 
3.1. Preparation of modified PAMAM dendrimer 
The mechanism of preferential CO2 permeation of PAMAM dendrimer-containing membranes has been 
elucidated. The CO2 separation performance is drastically increased under highly humidified conditions [8]. The 
polymeric membranes become hydrogel-like structure by absorbing water vapor under the conditions. When CO2
comes to the membrane surface, a part of CO2 turns to bicarbonate ion, which is the major migrating species across 
the membranes, while the rest of CO2 reacts to primary amines of the dendrimer to form carbamate ion pairs, which 
results in the formation of quasi-crosslinks of the dendritic molecules [11]. As a consequence, the increase in 
crosslinking density suppresses H2 permeation to give the excellent CO2 separation properties as a so-called CO2
selective molecular gate effect [1]. 
To improve the CO2 permeability or permeance, bicarbonate ion formation would be elevated beside the 
reduction of membrane thickness. The previous report [11] explains that primary amine of PAMAM dendrimer 
helps sorption of CO2, which turns bicarbonate ion and carbamate. On the other hand, tertiary amine does not 
provide an opportunity to form carbamate due to the steric hindrance. Thus, PAMAM dendrimer bearing primary 
and tertiary amines are chemically developed, and the primary amines are required to react with the epoxide for 
chemical immobilization. It is also found that tertiary amines increase CO2 sorption (unpublished results). The 
product formation is confirmed by 1H and 13C NMR with high yield and purity. 
3.2. Nano-thick membrane formulation 
PHS is used to form sacrificial layer because of the high solubility in ethanol and low compatibility to chloroform. 
With the spin-coating conditions, PAMAM dendrimer-immobilized polymeric membranes are successfully obtained. 
The polymeric membranes are free-standing, and macroscopic images of the resulting membranes placed on a 
polycarbonate membrane filter are displayed in Fig. 6 although it is difficult to figure out the nano-thick membranes. 
Cross section images of the membrane prepared with various reactant concentrations are shown in Fig. 7. Effect of 
epoxy-PEG molecular weight and concentration in the reaction mixture on the membrane thickness is summarized 
in Table 2. The thickness is most likely depended on the concentration of epoxy-PEG and PAMAM dendrimer 
rather than on viscosity or molecular weight of epoxy-PEG. The membrane thickness is quite uniform.  
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Fig. 6. PAMAM-immobilized polymeric membranes prepared between PAMAM dendrimer and SR-4GLS (left), SR-4GL (center), or SR-SEP 
(right).
Fig. 7. SEM images of cross section of PAMAM-immobilized polymeric membranes prepared between PAMAM dendrimer and epoxy-PEG 
(SR-SEP). Reactant concentration: 1.0 (left), 2.0 (center), and 5.0 wt% (right). 
Table 2. Effect of molecular weight of epoxy-PEG and concentration on membrane thickness. 
Epoxy-PEG Concentration (wt%) Thickness (nm) 
SR-4GLS 1.0 171 ± 0 
2.0 357 ± 0 
5.0 1,460 ± 20 
SR-4GL 1.0 161 ± 2 
2.0 311 ± 6 
5.0 1,430 ± 20 
SR-SEP 1.0 155 ± 0 
2.0 333 ± 0 
5.0 1,540 ± 80 
± denotes standard deviation (n = 3). 
The surface roughness is also examined by scanning probe microscope, and a typical result is described in Fig. 8.
The surface roughness is very low and thus the polymeric membrane prepared by the spin-coating is thus quite 
uniform, though a defect or pinhole are also scarcely found in the captured image. 
1 wt% 2 wt% 5 wt%
	 	 	
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Fig. 8. A scanning probe micrograph of polymeric membrane from PAMAM dendrimer and epoxy-PEG (SR-4GLS). 
3.3. CO2 separation properties of nano-thick membranes 
The CO2 separation performance of polymeric membranes prepared from PAMAM dendrimers and SR-SEP is 
studied under isobaric conditions at 40 °C, where the membrane thicknesses are ca. 300 nm, and CO2 partial 
pressure is 50 kPa. The results are summarized in Table 3. For pre-combustion CO2 capture at an integrated 
gasification combined cycle plant, the required CO2 permeance (QCO2) and selectivity ((CO2/H2)) are 100 GPU and 
30, respectively, at ca. 1.0 MPa of CO2 partial pressure (total pressure: 2.4 MPa) to capture CO2 by 1,500 JPY/t-CO2
[5]. The CO2 permeance of the nano-thick membranes is close to or above the required value (100 GPU), however, 
the H2 permeance is also high, providing very low selectivity. The modified dendrimer-immobilized membrane 
displays a little bit higher CO2 separation properties than that with pristine dendrimer. 
Table 3. CO2 separation properties of PAMAM dendrimer-immobilized nano-thick membranes at 40 °C under isobaric conditions. 
Dendrimer QCO2 (GPU) QH2 (GPU) (CO2/H2) Conditions 
Pristine PAMAM 134 79 1.7 Dry 
Modified PAMAM 161 73 2.2 Dry 
Modified PAMAM 92 6.5 14.1 Humid 
With the membranes from modified dendrimer and epoxy-PEG, the selectivity is enhanced upon humidification, 
while the gas permeance decreases. The obtained results suggest that the nano-thick membranes would have a defect 
because PAMAM dendrimer-containing membranes show enhanced CO2 separation properties upon humidification 
with the formation of bicarbonate, which is the major migrating species [11]. Further enhancement of the CO2
separation performance would be possible when the surface is coated with a protective layer, such as 
poly(dimethylsiloxiane), to seal a defect. 
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4. Conclusion 
Chemically immobilization of PAMAM dendrimers with epoxy-PEGs is studied. By the spin-coating method, 
PAMAM-dendrimer-immobilized membranes with submicron thickness can be formulated. The membranes are 
self-standing, and the thickness can be readily controlled by the spin-coating conditions. The nano-thick membranes 
exhibit high gas permeability with low selectivity. Further optimization of the membrane formulations would be 
required for use. 
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